An analytical model was developed in this study and then implemented into a tool for automation of FEA (Finite Element Analysis) of a spindle system for natural frequencies and modes in the universal FEA software, ANSYS. VBA of EXCEL was used for the implementation. It allowed graphic user interfaces (GUIs) to be developed for a user to interact with the tool and, in addition, an EXCEL spreadsheet to be used for data arrangement. A code was developed in the language of ANSYS to generate the geometric model of the spindle system, sequentially to construct the analytical model based on the information in the GUIs, and finally to perform computation for the FEA. Its automation of the model generation and analysis can help to identify a near optimal design of the spindle system under design in minimum time and efforts. 
Introduction
The spindle system of a machine tool is composed mainly of a shaft, an arrangement of bearings, a housing, and a motor and thus its performance is highly affected by the key components. The technical performance including cutting accuracy and the material removal rate is highly determined with dynamic stiffness of the spindle system [1, 2] . Again, the dynamic stiffness is a function of mass, static stiffness, and damping and, besides, the mass and the static stiffness lead to natural frequencies and modes. Accordingly, the spindle system needs to be designed to have high natural frequencies leading to a high dynamic stiffness and then cutting performance of accuracy and removal volume.
Finite element analysis (FEA) has been applied to evaluation of the performance of a spindle system [3, 4, 5] such as thermal characteristics and stiffness including natural frequency. The use of FEA requires an appropriate analytical model to be developed. If the spindle system is designed into three-dimensional (3D) configuration, it would be evaluated with 3D FEA using solid elements. If it is simply designed with a line representing the shaft and circles representing its cross-sections, 1D FEA can be used with beam elements. It tends to be designed in 3D at the detail design stage and then evaluated in detail.
In this study, an analytical model was developed for 3D FEA of a spindle system and implemented into a tool to automate the FEA. The spindle is constructed mainly a shaft, bearings, and a cutting tool for the analysis. The shaft is meshed into solid elements, bearings are converted into springs, and the tool is into a point mass connected with the tip of the shaft.
VBA (Visual Basic for Application) [6] of EXCEL [7] and APDL (ANSYS Parametric Design Language) were used for the implementation. ANSYS [8] is a universal software of FEA. EXCEL is linked with the tool for use of its data arrangement function such as a chart to display the section of the shaft.
Graphic user interfaces (GUIs) were developed to allow a user to use the tool with ease. This tool is designed to help design engineers to identify an optimal design of the spindle system by performing design changes and consequently FEA in minimum time and efforts.
2. Development of an analytical model 2.1 Structure of a spindle system
[ Fig. 1 ] shows a typical direct-connection spindle system [5] which has the shaft directly connected with the motor with the coupling. The cutting tool is clamped at the tip of the shaft supported with the bearings and the motor is fastened with the housing or the head frame as shown in [ Fig. 1 ]. The shaft, the bearings, and the tool heavily affect dynamic stiffness, for example, natural frequency of the spindle system.
The motor and the housing do not have a considerable influence on the natural frequency because they are fixed to the head frame. These main components should be converted into appropriate elements to make an analytical model of the spindle system. 
Application of the automation tool
The spindle system, shown in [ Fig. 1 condition, it is exposed to periodic cutting forces of This tool is helpful to perform numerous design changes and then FEA for identification of an optimal design of a spindle system. Bearing count and location affect dynamic stiffness of the spindle system and also the shaft configuration has a large influence on the stiffness due to its mass or bending stiffness or both.
The tool can help to re-design the shaft rapidly in geometry and, consequently, to perform the FEA of vibration modes of the spindle system as it automates this process. This automation is expected to make a large reduction in time and efforts to perform both of design and FEA.
Conclusion
In this study, an analytical model was developed and This tool provides rapid evaluation of a spindle system under design and thus it is helpful for design engineers to identify a near optimal design of the spindle system by automating the processes of design change and consequently FEA in minimum time and efforts.
